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Thomas Skutella,1,2 Nicolai E. Savaskan,1 Olaf Ninnemann,
and Robert Nitsch
Institute of Anatomy, Department of Cell and Neurobiology, Humboldt University Hospital
(Charite´), 10098 Berlin, Germany
In this study the role of membrane-associated molecules involved in entorhinohippocampal pathfinding was examined. First
outgrowth preferences of entorhinal neurites were analyzed on membrane carpets obtained from their proper target area, the
hippocampus, and compared to preferences on control membranes from brain regions which do not receive afferent
connections from the entorhinal cortex. On a substrate consisting of alternating lanes of hippocampal and control
membranes, entorhinal neurites exhibited a strong tendency to grow on lanes of hippocampal membrane. These
tissue-specific outgrowth preferences were maintained even on membrane preparations from adult brain tissue devoid of
myelin. To determine the possible maturation dependence of these membranes, we examined guidance preferences of
entorhinal neurites on hippocampal membranes of different developmental stages ranging from embryonic to postnatal and
adult. Given a choice between alternating lanes of embryonic (E15–E16) and neonatal (P0–P1) hippocampal membranes,
entorhinal neurites preferred to extend on neonatal membranes. No outgrowth preferences were observed on membranes
obtained between E19 and P10. From P10 onward there was a reoccurrence of a preference for postnatal membrane lanes
when neurites were presented with a choice between P15, P30, and adult membranes (>P60). This choice behavior of
entorhinal neurites temporally correlates with the ingrowth of the perforant path into the hippocampus and with the
stabilization of this brain area in vivo. Experiments in which postnatal and adult hippocampal membranes were heat
inactivated or treated to remove molecules sensitive to phosphatidylinositol-specific phospholipase C demonstrated that
entorhinal fiber preferences were controlled in this assay by attractive guidance cues and were independent of
phosphatidylinositol-sensitive linked molecules. Moreover, entorhinal neurites displayed a positive discrimination for
membrane-associated guidance cues of their target field, thus preferring to grow on membranes from the molecular layer of
the dentate gyrus compared with CA3 or hilus membranes. Heat-inactivation experiments indicated that preferential
growth of entorhinal axons is due to a specific attractivity of the molecular layer substrate. The data presented demonstrate
that outgrowth of entorhinal fibers on hippocampal membranes is target and maturation dependent. © 1999 Academic PressKey Words: pathfinding; development; entorhinohippocampal system; stripe assay.
h
tINTRODUCTION
The afferent connections of the hippocampus in general
and its entorhinal input, the perforant path, in particular
1 Contributed equally as first authors.
2 To whom correspondence should be addressed at the Institute
f Anatomy, Department of Cell and Neurobiology, Humboldt
niversity Hospital Charite´, Philippstr. 12, 10098 Berlin, Ger-
any. Fax: 1149-03-2802 1460. E-mail: thomas.skutella@.
harite.de.
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All rights of reproduction in any form reserved.ave been used as a model system for the analysis of
arget-specific outgrowth and regeneration (Li et al., 1993,
1994, 1995; Woodhams, 1993; Woodhams and Atkinson,
1996a,b; Del Rio et al., 1997; Fo¨rster et al., 1998). Fibers
originating from neurons in layers II and III of the ipsilateral
entorhinal cortex (EC) terminate on distal dendritic seg-
ments in the middle and outer molecular layer of the fascia
dentata and stratum lacunosum-moleculare of the hip-
pocampus proper, on both sides of the hippocampal fissure
(for review see Amaral and Witter, 1989, 1995). This pro-
jection has been well described since the pioneering studies
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278 Skutella et al.of Ramo´n y Cajal at the beginning of this century (1911) and
is notable for its highly characteristic specific termination.
During the development of the perforant pathway, a
number of possible decision points for turning and branch-
ing choices occur as these axons course toward their hip-
pocampal targets (Amaral and Witter, 1995; Bayer and
Altman, 1987; Snyder et al., 1991; Super and Soriano, 1994).
rom E17 onward, entorhinal fibers enter and arborize into
he hippocampal plexiform layers. Fascicles of entorhinal
xons reach along the longitudinal axis of the angular
undle in the subicular complex, where they penetrate the
ntermediate zone of the hippocampus proper. From here,
scending fibers transverse the hippocampal plate (prospec-
ive pyramidal layer) and invade the marginal zone of the
ubiculum and regio superior. Most of the entorhinal neu-
ites terminate in the outer marginal zone (prospective
acunosum-moleculare), which is thicker than the underly-
ng inner marginal zone (future stratum radiatum) during
hese stages. There is a notable increase in the density of
ntorhinal axons terminating in the hippocampus during
erinatal stages (El9–P2). Entorhinal axons arborize densely
n the outer marginal zone of the subiculum and hippocam-
us proper and ramify profusely in the stratum lacunosum-
oleculare. In the fascia dentata, fibers are detected at
l–P5 at which time they ramify as lateral branches inner-
ating the outermost areas of the dendritic trees of dentate
ranule cells.
Although the anatomy of the entorhinal–hippocampal
rojection has been studied extensively, most of this work
as centered on describing topographical relationships be-
ween different components of the system and on the
nalysis of functional mechanisms determining the devel-
pment and stabilization of this system. It has been shown
hat the molecular and tissue organizational signals neces-
ary for the formation of an entorhinal–dentate projection
re present in tissues maintained in postnatal organotypic
lice coculture (Frotscher and Heimrich, 1993; Li et al.,
993; Woodhams and Atkinson, 1996a,b). The results from
rganotypic slice cultures have shown that severed fiber
rojections between the EC and the hippocampal complex
an regenerate in both directions and reestablish their
orrect lamina, pathway, and target specificity (Li et al.,
994). Further embryo-to-adult transplantation experi-
ents have clearly documented that formation of specific
aminar patterns of reinnervation in the entorhinohip-
ocampal system occurs (Zhou et al., 1989). This indicates
hat molecules organized in a lamina-specific way in the
ippocampal fields play an important role in the formation
f layer-specific afferent projections.
A variety of possible mechanisms have been proposed to
xplain how axons grow toward, recognize, and then make
pecific functional contacts with their appropriate targets.
mportant roles have been postulated for a number of
iffusible and membrane-associated attractant or repulsive
xon guidance molecules, including the netrins, semaphor-
ns, and Eph tyrosine kinase receptors and ligands (for
eviews see Friedman and O’Leary, 1996; Miller et al., 1996;
Copyright © 1999 by Academic Press. All rightieto, 1996; Orike and Pini, 1996). However, we have little
nowledge of whether similar molecular mechanisms, pro-
ided by a concentration gradient of diffusible or
embrane-associated molecules, might operate in the for-
ation of the entorhinohippocampal pathway in vivo. In
itu hybridization, histochemical findings, and Northern
lots of guidance molecules such as L1 (Persohn and
chachner, 1990), TAG-1 (Wolfer et al., 1994), and N-CAM
Miller et al., 1993; Yoshihara et al., 1995); ECM molecules
uch as tenascin (Go¨tz et al., 1996, 1997; Ferhat et al.,
996), chondroitin sulfate (Meyer-Puttlitz et al., 1996),
aminin (Zhou, 1990), and reelin (Del Rio et al., 1997); the
emaphorins C, D, IV, E, F, and G; neuropilin-1 and -2
Chedotal et al., 1998; Skaloria et al., 1998; Steup et al.,
999); netrin-1; DCC (Serafini et al., 1996); the Eph recep-
ors A3 (Zhou, 1998), A4 (Mori et al., 1995), A5 (Taylor et
l., 1994), A6 (Zhou, 1998), A7 (Ciossek et al., 1995), and B1
Mori et al., 1995); and the ephrin ligands Al, A4, Bl, B3
Carpenter et al., 1995), A3 (Zhang et al., 1996), and A5
Kozlosky et al., 1997) indicated important roles for these
olecules during hippocampal development.
An analysis of the influence of reelin on entorhinal
athfinding in reeler mutant mice has shown that the
ntorhinohippocampal pathway is actually formed in the
bsence of reelin; however, the developing afferents show
evere alterations (Borrel et al., 1999) and in vitro studies
evealed strong repulsive effects of secreted semaphorins D
nd IV on entorhinal and hippocampal axons (Chedotal et
l., 1998; Steup et al., 1999).
The membrane stripe assay (adapted from Walter et al.,
987a,b) provides a unique tool for investigating molecules
nd mechanisms of axon guidance mediated by substrate
ound molecules in vitro. We employed stripe assays in our
earch for molecules involved in entorhinohippocampal
athfinding. Our interest was focused on the analysis of
issue-specific and developmentally regulated expression of
ippocampal cell-surface and extracellular matrix guidance
ues (Fig. 1I). Inactivation of membranes by heat was
erformed to analyze possible chemoattractive or -repulsive
embrane properties in the absence of functional proteins.
hosphatidylinositol-specific phospholipase C (PI-PLC) ex-
eriments were carried out to assess the impact of PI-
ensitive molecules in mediating the preferences observed
n vitro. Further on a histochemical analysis of known
ippocampal extracellular matrix- and membrane-anchored
olecules present in the membrane preparations was per-
ormed to detect developmental expression of these factors
hat might affect entorhinohippocampal ingrowth.
MATERIALS AND METHODS
Buffers. The Hanks’ balanced salt solution used did not con-
tain Ca21 or Mg21 and was supplemented with Hepes at a concen-
tration of 20 mM. PBS1 is a phosphate-buffered saline solution
(136 mM NaCl, 2.6 mM KCl, 8.1 mM Na2HPO4, 1.4 mM H2PO4)
containing 0.68 mM Ca21, 0.4 mM Mg21, 0.05 mg/ml streptomycin,
s of reproduction in any form reserved.
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279Specific Entorhinal–Hippocampal Pathfindingand 100 units/ml penicillin. Fixation buffer is PBS containing 4%
paraformaldehyde. The suppliers of chemicals and other materials
are listed as follows: aprotinin, leupeptin, and pepstatin (Sigma);
rhodamine B-isothiocyanate and fluorescein isothiocyanate (FITC)
(Sigma); fluorescein-labeled beads of 0.3 mm diameter (Covalent
Technology Corp., Ann Arbor, MI); polycarbonate Nuclepore fil-
ters, pore size 0.1 mm (Nuclepore Corp., Pleasanton, CA).
Explant preparation. We used fetuses and offspring (E15–P5) of
imed pregnant Wistar rats. To collect embryonic tissue, pregnant
ats were anesthetized with Nembutal (5 mg/100 mg) and embryos
emoved from the uterus. Embryos were placed in cold, oxygenated
15 medium (Gibco) supplemented with 0.6% glucose. Brains were
issected out, and the meninges were removed. Horizontal sections
ere cut at 400 mm in cold, oxygenated PBS with a Vibratome.
Explants from the superficial layers of the entorhinal and motor
cortex were microdissected with tungsten needles under binocular
optics at 403 magnification. After dissection, explants were placed
in suspension culture in a 5.5% CO2, humidified incubator. The
culture medium was DMEM/F12 supplemented with 2 mM glu-
tamine, 0.6% glucose, 100 u/ml penicillin, 100 mg/ml streptomy-
in, 5% heat-inactivated rat serum, and 10% heat-inactivated fetal
ovine serum. Entorhinal and motor cortex explants were posi-
ioned onto the membrane stripes on the same day. In culture
edium, explants were exposed to 8 mM cytosine arabinoside to
control proliferation of nonneuronal cells.
Membrane stripe preparation. Hippocampi were dissected
from E15–Pl, P5, P10, P15, P30, and adult (.P60) rat brains prepared
as described above for explant preparation. Hippocampi from adult
pig (6 month) were cut on a Vibratome into 400-mm horizontal
slices, and hippocampal subregions (molecular layers of the dentate
gyrus, hilus, and CA3) were microdissected with tungsten needles.
The membranes were prepared according to the original protocol of
Walter et al. (1987b). All solutions were sterile, 4°C, pH 7.4, and
supplemented with protease inhibitors as previously described
(Simon and O’Leary, 1992).
Hippocampal tissue was homogenized by pressing the tissue
through a narrow pipette and two to three times through syringe
needles. Nuclei and cytoplasm were removed by centrifugation.
The homogenate was layered on top of a step gradient of 50 and 5%
sucrose in homogenization buffer (10 mM Tris–HCl (pH 7.4), 1.5
mM CaCl2, 1 mM spermidine (Serva)) and centrifuged for 20 min at
50,000g at 4°C in a SW 40 L rotor (Beckmann). Cytoplasmic and
mitochondrial membrane fragments formed a turbid layer at the
boundary between 5 and 50% sucrose, while nuclei were pelleted.
The membrane fragments were collected with a syringe and
washed by centrifugation (Eppendorf centrifuge) with PBS.
Myelin was separated from other membranes by centrifugation
(75,000g for 10 min) in a discontinuous sucrose gradient (Colman et
l., 1982). The concentration of the membrane suspension was
djusted so that an aliquot after 15-fold dilution in 2% SDS had an
ptical density of 0.4 at 220 nm. The adjusted membrane suspen-
FIG. 1. (I) Schematic illustration of the experiments performed. Em
explanted onto Nuclepore filters with striped carpets of membran
hippocampus of different developmental stages (C and D), and (
molecular layers of the dentate gyrus (E), CA3, or hilus (F). (II) R
preferences of the neurites were evaluated using a three-class syst
membrane lanes; slight or moderate preference (B), the majority of fiber
random outgrowth (C). Scale bar 5 90 mm.
Copyright © 1999 by Academic Press. All rightion contained about 100–200 mg/ml protein as determined by a
odified Bradford method (Simpson and Sonne, 1982) with bovine
erum albumin as standard.
Membrane stripes, entorhinal explantation, and cultivation.
embrane stripes were prepared according to Walter et al. (1987b).
Growing axons originating from an EC or control explants were
given the choice between two different substrates. These substrates
were membrane fragments derived from hippocampus or various
control tissue homogenates and were offered in the form of
alternating stripes on a Nuclepore filter. When axons growing on
the striped surface encounter the border between the stripes, they
are simultaneously exposed to the two different types of membrane
fragments.
The membrane carpets were placed on sterile, porous (0.4 mm)
embranes (Millicell-CM; Millipore, Germany) and transferred
nto tissue culture dishes with 1.5 ml culture medium. Explants
ere added to the dish and gently pushed onto the membrane
arpet using forceps. Cultures were maintained in a 5.5% CO2,
umidified incubator up to 5 days.
Treatment of membrane preparations. Phosphatidylinositol-
pecific phospholipase C: Membranes were prepared as described
bove, except that the membrane suspensions were adjusted to an
ptical density of 0.5 (measured at 220 nm) in Tris buffer contain-
ng 1.5 mM CaCl2 and protease inhibitors. This membrane suspen-
sion was divided into three aliquots: two aliquots were incubated at
37°C, one with PI-PLC (1 U/ml; ICN Biochemicals) and one
without enzyme (37°C control); the third aliquot was washed and
resuspended in the same buffer solution, but with a physiological
pH at 4°C, and then left on ice (4°C control). After 1 h, all three
membrane suspensions were washed thoroughly in cold PBS con-
taining protease inhibitors and then resuspended in the same PBS
solution. To control for PI-PLC treatment, we used membranes
obtained from NIH 3T3 cells transfected with the repulsive guid-
ance molecules ephrin-A3 and ephrin-A5 (gift from Dr. R. Zhou,
Rutgers University). After PI-PLC treatment, the repulsive effect of
these molecules on hippocampal neurites could be completely
abolished in accordance with Zhang et al. (1996). Heat inactivation:
Membrane extracts were heated to 63°C for 8 min as described by
Walter et al. (1987).
Analysis of axonal outgrowth preference. Neurites and cells
were visualized with a fluorescent vital dye, 5,6-carboxyfluorescein
diacetate, succinimidyl ester (Molecular Probes), which labels all
living cells and their processes, or by immunolabeling with a
neurofilament or MAP-1 antibody (Boehringer). The first technique
allows us to determine whether neurites grow directly on the
membrane carpet or on cells that emigrated from the explants. A
6.15 mg/ml stock solution of dye was diluted 1:300 in PBS. Culture
medium was removed from the dishes 5 days after the explants
were placed on the carpets and 1–2 ml of the dye solution was
added for 2 min. To inhibit photobleaching, the solution was then
replaced with a solution of 5 mM p-phenylenediamine (Kodak) in
nic or postnatal entorhinal cortex (EC) explants were dissected and
btained from (i) the hippocampus (A) and control regions (B), (ii)
opographically restricted areas of the hippocampus, such as the
nce pictures representing categories of axon choice. The growth
clear-cut preference (A), most of the fibers growing on one of thebryo
es o
iii) t
efere
em:s growing on one membrane lane, while others cross randomly; or
s of reproduction in any form reserved.
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282 Skutella et al.PBS. Neurite growth from the explant was examined and photo-
graphed with FITC optics on an epifluorescence microscope.
Growth preferences for one or the other set of membrane stripes
were assessed semiquantitatively using the criteria established by
Ba¨hr and Wizenmann (1996). The analysis of axonal choice behav-
ior was performed as a double-blind experiment by three indepen-
dent observers. Each observer scored the axon density on the
different membrane stripes prepared in each experiment. In general
it was impossible to count individual entorhinal and control axons
because of the variability in axon fasciculation and the massive
outgrowth in some experiments. The growth preferences of the
neurites were evaluated using a three-class rating system: clear-cut
preference (A), most of the fibers growing on one of the membrane
lanes; slight or moderate preference (B), fibers growing preferen-
tially on one membrane lane, while others cross randomly; and no
choice or random outgrowth (C). Rating classes A and B were
scored 1 and rating class C was scored 0. The scores from each
experimental condition were totaled, data from individual experi-
ments pooled, and x2 tests performed with an interrater reliability
.90%, which did not vary significantly in the different experi-
ments performed. The data are given as percentage of maximal
choice (100% means that all explants under one experimental
condition show a clear choice for one of the two membranes
compared).
Immunolabeling of membrane carpets. Uniform carpets of P0
hippocampus were prepared using membranes at an optical
density of 0.4 at 220 nm. Carpets were immediately fixed with
4% paraformaldehyde for 2 h and washed thoroughly with PBS
3 3 5 min. Carpets were incubated with for 3 h at room
temperature. The carpets were incubated in phosphate buffer,
0.1 M, pH 7.4 (PB), containing 3–5% goat serum (PB-goat) for 20
min. The primary antibodies were all diluted in PB-goat and
applied to the carpets for 2 h at room temperature. The mono-
clonal antibody to chondroitin sulfate (Sigma; Product No.
C-8035) was diluted 1:200, that to N-CAM (Sigma; Product No.
C-9672) diluted 1:20, that to L1 (Boehringer; Cat. No. 1450 999)
diluted 1:10, that to tenascin (Sigma; Product No. T-3413)
diluted 1:200, and that to laminin (Sigma; Product No. L-8272)
diluted 1:100. Incubation with primary antibodies was followed
by incubation in biotinylated anti-mouse/goat IgG (Vector Lab-
oratories), diluted 1:250 in 0.1 M PB, for 2 h at 20°C and
subsequent incubation in avidin– biotin peroxidase complex
reagent (Vectastain ABC Kit; Vector Laboratories), diluted 1:100
in 0.1 M PB, for 1.5 h at 20°C. The immunoreaction was
visualized with 3,39-diaminobenzidine as a chromogen (0.07%
DAB and 0.002% hydrogen peroxide in 0.1 M PB) for 10 min.
Between each incubation step the sections were carefully rinsed
in 0.1 M PB (five times, 10 min each). Membrane carpets were
photographed and printed using identical settings and conditions
to reproduce relative levels of staining intensity.
RESULTS
Our aim was to investigate potential guidance activities
for developing EC axons within cell membrane preparations
from hippocampal and control tissue and from hippocampal
membranes obtained from rats of different ages. We did so
by investigating the outgrowth of rat entorhinal axons on
membranes from embryonic (from E15 on), postnatal, and
adult rat hippocampus and of postnatal rat control mem-
branes (cerebellum, bulbus olfactorius). Further outgrowth
i
m
Copyright © 1999 by Academic Press. All rightf rat entorhinal explants was analyzed on membrane lanes
rom different parts of the hippocampus of adult pig. Also
e tested if the choice behavior of the entorhinal explants
s dependent on their state of maturation. Growth prefer-
nces for one or the other set of membrane stripes were
uantified using the criteria established by Ba¨hr and Wizen-
ann (1996). The categories of axon choice are provided in
ig. 1II, in which examples of each category are shown.
Entorhinal Axons Prefer Hippocampal over
Control Membranes
When late embryonic or postnatal entorhinal explants
(E20 –Pl) were cultured on alternating membrane stripes
from neonatal (P0) hippocampal and various control
membranes derived from the cerebellum or bulbus olfac-
torius, we found that the entorhinal axons preferred to
grow on hippocampal membranes (Fig. 2). In some experi-
ments we observed a preference for the first set of lanes
independent of the properties of the membranes applied.
To control for this artifact, the order in which the
membranes were applied was reversed in each experi-
ment. Axons from EC explants preferred to extend on
hippocampal membranes, independent of whether they
were laid down in the first or second set of lanes (Figs. 2A
and 2E). In general, outgrowth of entorhinal axons on
unique stripes of hippocampus and control membranes
(stripes offered alone and not in alternating stripes)
occurred at a similar density, indicating that the control
membranes provided a good growth substrate in the
absence of a more attractive alternative.
As an additional control for the specificity of entorhinal
axon preference for hippocampal membranes the behavior
of neurites from brain regions which do not project to the
hippocampus in vivo was analyzed. Neurites from such
ontrol explants (e.g., motor cortex) did not show any
reference for hippocampal membranes in this experiment
Figs. 2B and 2F).
When entorhinal neurites were offered a simultaneous
hoice between adult hippocampal and adult cerebellum
embranes as a control substrate, both physically sepa-
ated from myelin, axons showed a clear preference for the
ippocampal membranes (Fig. 3B). This result shows that
he tissue-specific outgrowth preferences are maintained in
embrane preparations from adult brain tissue.
An immunohistochemical analysis of the membrane
reparations used in the stripe assay showed intense immu-
olabeling for L1 and N-CAM, while membranes were
mmunonegative for ECM molecules such as chondroitin
ulfate, tenascin, and laminin (Fig. 4). In accordance with
uttle et al. (1995) these results indicate that growth
references of neurons on the membrane carpets were
nfluenced mainly by membrane-anchored and not by ECM
olecules.
s of reproduction in any form reserved.
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283Specific Entorhinal–Hippocampal PathfindingEntorhinal Axons Prefer Neonatal over Early
Embryonic Hippocampal Membranes
To test outgrowth preferences of EC axons over the time
spanning the development of the entorhinohippocampal
connection in vivo, explants of the EC taken from P0 rats
were presented with alternating stripes of embryonic (from
E15 to E20) and neonatal (P0 or P1) hippocampal mem-
branes.
Extending axons from EC explants given the choice
between alternating membrane lanes from P0 and E15–E18
hippocampus displayed a slight to clear-cut preference for
P0 membranes (Figs. 5A and 5E). The preferences of extend-
ing EC axons for P0 hippocampal membranes were detect-
able until E18 (Fig. 5E). It has been shown that until E18 just
a minor part of the entorhinal axons reaches the hippocam-
pus and invades the dentate gyrus in vivo (Super and
Soriano, 1994). Our in vitro findings demonstrate that EC
axons prefer hippocampal membranes obtained from a time
point at which most of the entorhinal fibers reach their
target and further indicate that entorhinal neurites respond
to maturation-dependent changes in molecules associated
with hippocampal membranes. Neurites from motor cortex
and cerebellum exhibited no similar preference (data not
shown).
Choice of Entorhinal Axons for P0 Membranes
Disappears between E19 and P10 and Reoccurs in
the Combination of Hippocampal Membranes from
P0 and P15
In the stripe assay we tested the growth preference of EC
explants on membrane preparations from E19, P5, P10, P15,
P30, and adult (P.60) hippocampus. When offered alternat-
ing lanes from E19 or P5 versus P0 hippocampal membranes
they did not show any preference and crossed membrane
borders freely (Figs. 5B and 5E). Even in the choice situation
P0 versus P10, extending EC axons showed a random
growth pattern (Figs. 5C and 5E). A weak preference for P0
hippocampal membranes again emerged in the combination
P0 versus P15 (Fig. 5E). In the combination P0 versus P30,
extending axons showed a clear preference for P0 hippocam-
pal membranes (Fig. 5E). In all cases of the combination P0
versus adult (A) and vice versa, extending EC axons showed
slight to clear preference for P0 hippocampal membranes
(Figs. 5D and 5E). These results reflect the maturation-
dependent choice behavior of extending EC neurites.
When EC explants were offered heat-inactivated P0 hip-
pocampal membranes and adult hippocampal membranes,
EC axons showed no growth preference and grew equally
well on both sets of lanes (Figs. 6A and 6C). In particular it
could not be observed that entorhinal axons avoided adult
hippocampal membranes. These data suggest that the
growth preference for P0 hippocampal membranes is medi-
ated by an attractive and outgrowth-promoting effect of
postnatal hippocampal membranes and not by a repulsive
effect of adult hippocampal membranes.
Further on postnatal hippocampal membranes were
Copyright © 1999 by Academic Press. All rightreated with PI-PLC in order to remove GPI-linked mol-
cules like N-CAM, F3, and TAG-1 (Sonderegger and
athjen, 1992) and GPI-linked ephrins (Lemke, 1997). Even
fter enzymatic digestion the choice behavior of EC axons
as unaffected and further EC axons preferred to grow on
ostnatal rather then adult hippocampal membranes (Figs.
B and 6C).
In a next step we tested the hypothesis that the choice
ehavior of entorhinal axons might be dependent on their
tate of maturation. We found no difference between ento-
hinal explants obtained from E16 (first time point to
natomically dissect EC) to E19, E21, and P0. The axons
rowing out from these entorhinal explants behaved simi-
arly and preferred postnatal hippocampal membranes
hen offered the choice between P0 and E16 or adult
ippocampal membranes (Fig. 6F). In contrast explants
issected from the posterior cortex obtained from E14 did
ot show this choice behavior (Figs. 6D and 6E). This result
emonstrates the emergence of a preference for P0 hip-
ocampal membranes from the time the entorhinal cortex
s established in vivo.
Entorhinal Axons Prefer Membranes from the
Molecular Layers of the Dentate Gyrus over Hilus
and CA3 Membranes
In order to enrich hippocampal membranes from topo-
graphically restricted areas we microdissected the hilus, the
CA3 field, and the molecular layers of the dentate gyrus. For
this set of experiments we used hippocampal regions from
frontal slices of adult pig brain, since the amount of
membrane material that could be achieved from rat brains
was not sufficient for a stripe assay. It has been shown in
other systems that membranes enriched from neuronal
tissues of different species produced comparable results
(Wizenmann et al., 1993). When pig cell membranes of the
molecular layers of the dentate gyrus and the hilus or CA3
area were arranged in alternating stripes, and explants of rat
EC placed on the stripe carpet, outgrowing EC axons
showed a selective growth preference for the molecular
layer membranes (Figs. 7A, 7B, and 7F). This finding cannot
be explained simply by the assumption that hilus or CA3
membranes are nonpermissive for entorhinal neurites. Out-
growth of entorhinal neurites on uniform stripes of molecu-
lar layers of the dentate gyrus and hilus or CA3 area (stripes
offered alone and not in alternating stripes) occurred at
similar densities. Only when entorhinal neurites were
offered the simultaneous choice between membranes ob-
tained from molecular layers of the dentate gyrus and hilus
or CA3 membranes did they prefer to grow on molecular
membranes and not on hilus and CA3 membranes. This
preference was independent of the order of the membrane
preparations applied on the filter and thus is not due to
differences in protein content of the lanes. An example of a
stripe assay in which the sequence of membrane applica-
tion had been reversed is shown in Fig. 7B. We observed an
intermediate to strong tendency of choice for membranes
s of reproduction in any form reserved.
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285Specific Entorhinal–Hippocampal Pathfindingobtained from the molecular layer. When membranes from
the molecular layers were subjected to heat inactivation,
entorhinal axons crossed the stripe borders freely, showing
no preference (Figs. 7D and 7F) In contrast, experiments
with heat inactivation of membrane preparations of CA3 or
hilus did not change the outgrowth preference for mem-
branes of the molecular layers (Figs. 7C and 7F). This
finding indicates that preferential growth of entorhinal
axons is due to a heat-sensitive attractive factor in the
molecular layer substrate. Outgrowth preferences for the
molecular layers of the hippocampus also remained unal-
tered when cell membranes were treated with PI-PLC (Figs.
7E and 7F).
DISCUSSION
The experiments presented were designed to determine
whether directed growth of entorhinal axons is dependent
on target- and maturation-specific membrane-associated
molecules that direct the pathfinding of the entorhinohip-
pocampal fiber tract during development.
FIG. 4. Postnatal hippocampal membrane carpets are deficient
(2) in extracellular matrix molecules (tenascin, chondroitin sul-
fate, laminin) and abundant (1) in membrane-anchored molecules
(L1, N-CAM). P0 hippocampal membrane carpets were immuno-
stained with the antibodies described under Materials and Meth-
ods. Control membranes were stained with secondary antibody.
FIG. 3. (A) Entorhinal neurites preferentially grow on postnatal
cerebellar membrane lanes (stripes marked with C). (B) When EC
embranes devoid of myelin (stripes marked with H*) and adult
xons from 17 explants still preferred to extend on hippocampal mem
f membranes from hippocampus and cerebellum single stripes c
yelin, were prepared, separated by an interspace which did not co
atterns on both substrates, growing equally well on hippocampal
id not show any choice preference under the same conditions as sh
embrane lanes). Neurites were immunostained with an anti-neurofila
Copyright © 1999 by Academic Press. All rightThe first step was to analyze outgrowth preferences of
ntorhinal neurites on membrane carpets obtained from the
ippocampus and compare these to membranes from brain
egions which do not receive afferent connections from the
C. On a membrane substrate consisting of alternating
anes of hippocampal and control membranes, entorhinal
eurites displayed a strong tendency to grow on lanes of
ippocampal membranes. This result indicates that postna-
al hippocampal membranes possess guidance cues for EC
xons which are not present in other brain regions. It has
een shown that myelination of the perforant pathway
ccurs at around P10 in the rat (Li et al., 1994), shortly
efore the time point (P15) at which we found a choice for
embranes of postnatal compared to adult stages. We were
ble to show that these tissue-specific outgrowth prefer-
nces were maintained in membrane preparations from
dult brain tissue devoid of myelin and were not caused by
he repellent properties of myelin-associated growth inhibi-
ors. Further we tested the outgrowth of entorhinal explants
n hippocampal membranes of different developmental
tages to analyze the impact of maturation on this process.
ntorhinal neurites preferred neonatal to embryonic hip-
ocampal membranes, but crossed the stripe borders freely
nd showed no preference for any of the membranes on the
tripes between E19 and P10. These findings suggest that
mbryonic hippocampal membranes—obtained from a de-
elopmental stage at which entorhinal neurites have not
et entered the hippocampus—are a poor choice substrate
or outgrowing entorhinal axons in comparison to postnatal
embranes. The outgrowth preferences observed correlate
ith the ingrowth of the perforant path into the hippocam-
us between E19 and P10 and with the stabilization of this
rain area in vivo after P10 (Super and Soriano, 1994). Our
bservations allow us to suggest that the ingrowth of EC
xons is regulated by temporally and spatially expressed
uidance cues, which seem to be membrane associated
Woodhams et al., 1993; Fo¨rster et al., 1998). Further we
uggest that even in adult hippocampus membrane-
ssociated molecules which lead EC axons to discriminate
etween target and nontarget regions are expressed. Fo¨rster
t al. (1998) provided additional evidence for lamina-
pecific attractive properties of the molecular layers of the
entate gyrus also present in the adult hippocampus. Our
xperiments lend weight to the hypothesis that the guid-
ocampal membranes (stripes marked with H) in comparison to
ants (n 5 18) were given the choice between adult hippocampal
ellum membranes devoid of myelin (stripes marked with C*) EC
nes. (C, D) To compare the general outgrowth-promoting properties
ting of either hippocampal or control membranes, both without
membrane substrate. Entorhinal neurites showed similar growth
cerebellar membrane lanes. (E, F) Neurites from the motor cortexhipp
expl
cereb
bra
onsis
ntain
andown in (B) and crossed stripe borders freely (F: reversed order of
ment antibody. Scale bar, 95 mm.
s of reproduction in any form reserved.
FIG. 5. Entorhinal neurites prefer postnatal (P0; marked with * in A–D) over embryonic (E16) hippocampal membranes. In (B) and (C),
entorhinal explants were offered alternating lanes from postnatal (P0) versus late embryonic (E19) or young adolescent (P10) membranes. In both
cases outgrowing neurites showed no preference for hippocampal membranes. (D) Neurites from an entorhinal explant of P0 brain displayed a
strong preference for the lanes of postnatal (P0) over adult (A) hippocampal membranes. (E) Degree of axon choice for P0 hippocampal membranes.
The histogram depicts the percentage of entorhinal axons showing a preference for early postnatal hippocampal membranes in comparison to
other developmental stages of hippocampus. Note that the EC axons did not show a preference between E19 and P10, the period in which the
perforant pathway grows into the hippocampus (x2 test: *P , 0.001; **P , 0.05; ns, nonsignificant). Scale bar 5 90 mm.
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*FIG. 6. (A, C) When hippocampal membranes were heat inactivated (P0h), postnatal entorhinal axons crossed the membrane lane borders
andomly, neither preferring nor avoiding adult control membranes. (B, C) Outgrowth preferences of entorhinal axons for the P0
ippocampal membranes remained unaltered when these membranes were treated with PI-PLC (P0PI-PLC). (C) Degree of axon choice for P0
ippocampal membranes. (D, E, F) Emergence of a preference of entorhinal axons for hippocampal membranes from E16 onward. Axons
rowing from basal posterior cortical explants obtained from E14 (D) or E15 (E) crossed membrane lanes freely and had no preference for
ither E16 or P0 hippocampal membranes. (F) Clear preference for postnatal hippocampal in comparison to E16 hippocampal membranes
ould be observed with entorhinal explants obtained from rat brains between El6 and P0 (here the outgrowth of an El6 explant is shown).
Postnatal lanes.
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289Specific Entorhinal–Hippocampal Pathfindingance molecules which direct entorhinal neurites are not
present in hippocampal membrane preparation during the
time frame before the fiber tract enters the hippocampus
(E15, E16) but are expressed in the hippocampus from the
time point of ingrowth to adulthood. It should be noted that
due to the results presented here, specific attractant factors
must be postulated, but none of these has been character-
ized so far. Wizenmann et al. (1993) have shown that
guidance factors are masked or not expressed in the retino-
tectal system during adulthood, but are reexpressed in the
tectum after deafferentation of the optic nerve. Their ob-
servation suggests that guidance cues may be down-
regulated after the retinotectal projection has been formed
or that guidance activities are merely masked by factors
expressed after projections have been established. Our data
using myelin-depleted adult hippocampal membranes led
to the assumption that specific guidance cues are main-
tained in the molecular layers during adulthood. This is in
accordance with the observation that the axonal reorgani-
zation in the hippocampus following entorhinal lesion is
layer-specific (Frotscher et al., 1997).
We then presented data documenting that entorhinal
neurites discriminate membrane-associated guidance cues
from their target fields, preferring to grow on membranes
from the molecular layer of the dentate gyrus rather than
hilar membranes from adult brain (6-month-old pig). This
observation is in line with the embryo-to-adult transplan-
tation experiments of Zhou et al. (1989), in which it was
shown that neither temporal nor spatial aspects of cell-to-
cell confrontation which occur in normal development are
necessary for the formation of specific laminar patterns of
reinnervation in the entorhinal–hippocampal system dur-
ing adulthood. Also Li et al. (1993) have shown that the
necessary molecular and tissue organizational signals for
the formation of an entorhinal–dentate projection are
present in tissues maintained in organotypic slice coculture
of EC and hippocampus and remain effective in the cross-
species mouse-to-rat situation. Li et al. (1994) further dem-
onstrated that severed fiber projections between the EC and
the hippocampal complex in horizontal slices of postnatal
tissue can regenerate in both directions and reestablish
their correct laminar, pathway, and target specificity.
Frotscher and Heimrich (1993) also used organotypic cocul-
ture techniques to provide evidence that entorhinal and
FIG. 7. Rat entorhinal neurites showed a strong preference for mem
a choice between these and hilar (HL) membranes both obtained fr
the order of application as indicated in (B) in which membrane lan
preferential growth of entorhinal axons on the molecular layer sub
layers were subjected to heat inactivation, entorhinal axons crosse
hilar membranes. (E) Outgrowth preferences for the molecular laye
treated with PI-PLC (only treatment of ML membranes shown). *M
layers of adult pig hippocampus. Diagram describes statistically aonsignificant). h, heat inactivated; PI-PLC, phosphatidylinositol-specifi
mm.
Copyright © 1999 by Academic Press. All rightippocampal fibers have a preference for their normal
ermination sites. It was shown that this layer specificity
oes not result from the sequential ingrowth of these fiber
ystems during development (Frotscher and Heimrich,
993). These authors propose that the formation of layer-
pecific projections is determined by molecular factors
pecific for hippocampal laminae. Woodhams et al. (1992)
escribed antibodies specific for distinct surface molecules
resent in the inner and outer molecular layers of the
entate gyrus, which are not present on CA fibers. But none
f these studies provided information about the mecha-
isms entorhinal axons use to select their original path-
ays and target fields.
Our experiments strengthen the hypothesis that
aturation-dependent and target-specific membrane-
ssociated molecules play an essential role in the control of
he EC axon outgrowth. Factors determining the develop-
ent and stabilization of this specific connection are al-
ost unknown, although a variety of secreted and
embrane-associated molecules that influence long- and
hort-range interactions have been identified in the forma-
ion of axonal pathways. Several mechanisms have been
roposed to be involved in guiding neurites to their target in
he developing nervous system. It has been shown that
eurites are guided by diffusible molecules (Pu¨schel, 1996;
u¨schel et al., 1996; Chedotal et al., 1998; Steup et al.,
1999) as well as by membrane-associated substrates (Dre-
scher et al., 1995). Del-Rio et al. (1997) provided evidence
for a role for Cajal–Retzius cells and reelin, an extracellular
matrix protein expressed by Cajal–Retzius cells, in the
formation of layer-specific hippocampal connections. Ac-
cording to this hypothesis transient cells in the developing
hippocampus provide positional information for the target-
ing of entorhinal and commissural fibers. The data of Zhou
et al. (1989) and our experiments indicate that guidance
molecules for EC neurites might still be present in the
hippocampus after stabilization of the system, although
these factors might be different or represent only a subset of
those during development.
The mechanisms that direct entorhinal axons toward
their appropriate target areas might include diffusible che-
moattractive and chemorepulsive or contact-attractive and
contact-repulsive factors. For axon guidance important
roles have been postulated for a number of diffusible and
nes from the molecular layer (ML) of the hippocampus, when given
dult pig (A, B). Entorhinal neurite preferences were independent of
der is reversed. (C) When hilar membranes were heat inactivated,
e remained unchanged. (D) When membranes from the molecular
stripe borders freely, showing neither attraction nor repulsion of
the hippocampus remained unaltered when cell membranes were
) Degree of entorhinal axon choice for membranes from molecular
zed data shown in A and B (x2 test: *P , 0.001; **P , 0.05; ns,bra
om a
e or
strat
d the
rs of
L. (F
nalyc phospholipase C treatment. Scale bars A, B 5 180 mm; C–E 5 90
s of reproduction in any form reserved.
B290 Skutella et al.membrane-associated attractive or repulsive axon guidance
molecules, including Ig CAMs, cadherins, ECMs, netrins,
semaphorins, and Eph tyrosine kinase receptors and ligands
(for review see Tessier-Lavigne and Goodman, 1996). Im-
munohistochemical analysis and in situ hybridization of
the developing and stabilizing hippocampus has shown that
several ECMs, cell adhesion molecules such as L1 (Persohn
and Schachner, 1990), TAG-1 (Yoshirata et al., 1995),
N-CAMs (Miller et al., 1993; Yoshihara et al., 1995), mem-
bers of the semaphorin family (Skaloria et al., 1998), several
Eph receptors, and ephrins (for review see Zhou, 1998) are
all present in distinct hippocampal regions. Our immuno-
characterization of the membrane preparations used in the
stripe assay (Fig. 4) showed that growth preferences of
neurons on the membrane carpets are influenced mainly by
membrane-anchored and not by ECM molecules. This
means that primarily membrane-anchored molecules have
an impact on the choice behavior of entorhinal neurites in
our experiments and excludes molecules such as tenascin,
chondroitin sulfate, laminin, or secreted semaphorins. The
neuronal axon adhesion molecule L1 and N-CAMs both
show increased mRNA and protein expression during ento-
rhinal ingrowth into the hippocampus (Liljelund et al.,
1994; Persohn and Schachner, 1990). Our data obtained
from experiments using membrane preparations which had
undergone PI-PLC treatment suggest that GPI-linked guid-
ance molecules such as the ephrin-A3, ephrin-A5, or PI-
PLC-linked N-CAMs are not responsible for the choice
behavior of entorhinal axons in the stripe assay both from
developmental stages and from adulthood. Instead non-GPI-
anchored members of the semaphorins (Pu¨schel, 1996),
ephrin-B ligands (Zhou et al., 1998), members of the immu-
noglobulin superfamily, or the cadherins (Inoue and Sanes,
1997) could contribute to entorhinal axon guidance.
Heat-inactivation of membranes has been used as a tool
to discriminate attractive from repulsive guidance cues in
the retinotectal (Wizenmann et al., 1993) and thalamocor-
tical systems (Tuttle et al., 1995). Our heat-inactivation
experiments indicate that entorhinal axon guidance is not
controlled mainly by avoiding embryonic and adult hip-
pocampal nor hilus and CA3 membranes but is promoted
by attractive molecules present in membrane preparations
from the postnatal rat hippocampus or the molecular layers
of the adult pig hippocampus.
In conclusion we argue that the membrane-associated
guidance molecules which direct entorhinal neurites are
not present in hippocampal membrane preparations before
the fiber tract has entered the hippocampus (E15, E16), but
are detectable in the stripe assay in hippocampal mem-
branes from the time of entorhinal ingrowth to adulthood.
We demonstrated that hippocampal guidance cues can be
topographically restricted to membrane preparations of the
molecular layers of the dentate gyrus. Because the method
used is focused on membrane-related axonal guidance, we
cannot exclude a role of chemorepulsion-evoking mol-
ecules like secreted semaphorins or netrins and also not
chemoattraction-mediating secreted molecules like netrins
Copyright © 1999 by Academic Press. All rightin entorhinohippocampal pathfinding. Since contact attrac-
tion was observed to be the major guidance mechanism in
the stripe assays performed here, we can exclude that
contact-repulsion molecules like ephrins and ECM mol-
ecules like tenascins play the main role for guiding ento-
rhinal axons in this stripe assay model. Further studies will
be required to characterize the membrane-associated mol-
ecules responsible for entorhinal pathfinding.
ACKNOWLEDGMENTS
This study was supported by the DFG (Sk 49/3-1 and SFB
515/A5). N.E.S. is a fellow of the Graduiertenkolleg “Schadens-
mechanismen im Nervensystem und bildgebende Verfahren.”
REFERENCES
Amaral, D. G., and Witter, M. P. (1995). Hippocampal formation. In
“The Rat Nervous System” (G. Paxinos, Ed.). Academic Press,
San Diego.
a¨hr, M., and Wizenmann, A. (1996). Retinal ganglion cell axons
recognize specific guidance cues present in the deafferented adult
superior nucleus. J. Neurosci. 16, 5106–5116.
Bayer, S. A., and Altman, J. (1987). Directions in neurogenetic
gradients and patterns of anatomical connections in the telen-
cephalon. Prog. Neurobiol. 29, 57–106.
Borrell, V., Del Rio, J. A., Alcantara, S., Derer, M., Martinez, A.,
D’Arcangelo, G., Nakajima, K., Mikoshiba, K., Derer, P., Curran,
T., and Soriano, E. (1999). Reelin regulates the development and
synaptogenesis of the layer-specific entorhino-hippocampal con-
nections. J. Neurosci. 19, 1345–1358.
Carpenter, M. K., Shilling, H., VandenBos, T., Beckmann, M. P.,
Cerretti, D. P., Kott, J. N., Westrum, L. E., Davison, B. L., and
Fletcher, F. A. (1995). Ligands for EPH-related tyrosine kinase
receptors are developmentally regulated in the CNS. J. Neurosci.
Res. 42, 199–206.
Ciossek, T., Lerch, M. M., and Ullrich, A. (1995). Cloning, charac-
terization, and differential expression of MDK2 and MDK5, two
novel receptor tyrosine kinases of the eck/eph family. Oncogene
11, 2085–2095.
Chedotal, A., Del Rio, J. A., Ruiz, M., He, Z., Borrell, V., de Castro,
F., Ezan, F., Goodman, C. S., Tessier-Lavigne, M., Sotelo, C., and
Soriano, E. (1998). Semaphorins III and IV repel hippocampal
axons via two distinct receptors. Development 125, 4313–4323.
Colman, D. R., Kreibich, G., Frey, A. B., and Sabatini, D. D. (1982).
Synthesis and incorporation of myelin polypeptides into CNS
myelin. J. Cell Biol. 95, 598–608.
Del Rio, J. A., Heimrich, B., Borrell, V., Forster, E., Drakew, A.,
Alcantara, S., Nakajima, K., Miyata, T., Ogawa, M., Mikoshiba,
K., Derer, P., Frotscher, M., and Soriano, E. (1997). A role for
Cajal–Retzius cells and reelin in the development of hippocam-
pal connections. Nature 385, 70–74.
Drescher, U., Kremoser, C., Handwerker, C., Loschinger, J., Noda,
M., and Bonhoeffer, F. (1995). In vitro guidance of retinal ganglion
cell axons by RAGS, a 25 kDa tectal protein related to ligands for
Eph receptor tyrosine kinases. Cell 82, 359–370.
Ferhat, L., Chevassus, A. L. N., Khrestchatisky, M., Ben-Ari, Y., and
Represa, A. (1996). Seizures induce tenascin-C mRNA expression
in neurons. J. Neurocytol. 25, 535–546.
s of reproduction in any form reserved.
291Specific Entorhinal–Hippocampal PathfindingFo¨rster, E., Kaltschmidt, C., Deng, J., Cremer, H., Deller, T., and
Frotscher, M. (1998). Lamina-specific cell adhesion on living
slices of hippocampus. Development 125, 3399–3410.
Friedman, G. C., and O’Leary, D. D. (1996). Eph receptor tyrosine
kinases and their ligands in neural development. Curr. Opin.
Neurobiol. 6, 127–133.
Frotscher, M., and Heimrich, B. (1993). Formation of layer-specific
fibre projections to the hippocampus in vitro. Proc. Natl. Acad.
Sci. USA 90, 10400–10403.
Frotscher, M., Heimrich, B., and Deller, T. (1997). Sprouting in the
hippocampus is layer-specific. Trends Neurosci. 20, 218–223.
Gao, P. P., Zhang, J. H., Yokoyama, M., Racey, B., Dreyfus, C. F.,
Black, I. B., and Zhou, R. (1996). Regulation of topographic
projection in the brain: Elf- I in the hippocampo-septal system.
Proc. Natl. Acad. Sci. USA 93, 11161–11166.
Go¨tz, B., Scholze, A., Clement, A., Joester, A., Schutte, K., Wigger,
F., Frank, R., Spiess, E., Ekblom, P., and Faissner, A. (1996).
Tenascin-C contains distinct adhesive, anti-adhesive, and neu-
rite outgrowth promoting sites for neurons. J. Cell Biol. 132,
681–699.
Go¨tz, M., Bolz, J., Joester, A., and Faissner, A. (1997). Tenascin-C
synthesis and influence on axonal growth during rat cortical
development. Eur. J. Neurosci. 9, 496–506.
Inoue, A., and Sanes, J. R. (1997). Lamina-specific connectivity in
the brain: Regulation by N-cadherin, neurotrophins, and glyco-
conjugates. Science 276, 1428–1438.
Kozlosky, C. J., VandenBos, T., Park, L., Cerretti, D. P., and
Carpenter, M. K. (1997). LERK-7: A ligand of the Eph-related
kinases is developmentally regulated in the brain. Cytokine 9,
540–549.
Lemke, G. (1997). A coherent nomenclature for Eph receptors and
their ligands. Mol. Cell. Neurosci. 9, 331–332.
Li, D., Field, P. M., Starega, U., Li, Y., and Raisman, G. (1993).
Entorhinal axons project to dentate gyrus in organotypic slice
co-culture. Neuroscience 52, 799–813.
Li, D., Field, M., Yoshioka, N., and Raisman, G. (1994). Axons
regenerate with correct specificity in horizontal slice culture of
the postnatal rat entorhino-hippocampal system. Eur. J. Neuro-
sci. 6, 1026–1037.
Li, D., Field, M., and Raisman, G. (1995). Failure of axon regenera-
tion in postnatal rat entorhino-hippocampal slice coculture is
due to maturation of the axon, not that of the pathway or target.
Eur. J. Neurosci. 7, 1164–1171.
Liljelund, P., Ghosh, P., and van den Pol, A. N. (1994). Expression
of the neural axon adhesion molecule Ll in the developing and
adult rat brain. J. Biol. Chem. 269, 32886–32895.
Meyer Puttlitz, B., Junker, E., Margolis, R. U., and Margolis, R. K.
(1996). Chondroitin sulfate proteoglycans in the developing cen-
tral nervous system. II. Immunocytochemical localization of
neurocan and phosphacan. J. Comp. Neurol. 366, 44–54.
Miller, P. D., Chung, W. W., Lagenaur, C. F., and DeKosky, S. T.
(1993). Regional distribution of neural cell adhesion molecule
(N-CAM) and L1 in human and rodent hippocampus. J. Comp.
Neurol. 327, 341–349.
Mori, T., Wanaka, A, Taguchi, A., Matsumoto, K., and Tohyama,
M. (1995). Differential expressions of the eph family of receptor
tyrosine kinase genes (sek, elk, eck) in the developing nervous
system of the mouse. Mol. Brain Res. 29, 325–335.
Mu¨ller, B. K., Bonhoeffer, F., and Drescher, U. (1996). Novel gene
families involved in neural pathfinding. Curr. Opin. Genet. Dev.
6, 469–474.
Copyright © 1999 by Academic Press. All rightNieto, M. A. (1996). Molecular biology of axon guidance. Neuron
17, 1039–1048.
Orike, N., and Pini, A. (1996). Axon guidance: Following the Eph
plan. Curr. Biol. 6, 108–110.
Persohn, F., and Schachner, M. (1990). Immunohistological local-
ization of the neural cell adhesion molecule L1 and I-CAM in the
developing hippocampus of the mouse. Neurocytology 19, 807–
819.
Pu¨schel, A. W. (1996). The semaphorins: A family of axonal
guidance molecules? Eur. J. Neurosci. 8, 1317–1321.
Pu¨schel, A. W., Adams, R. H., and Betz, H. (1996). The sensory
innervation of the mouse spinal cord may be patterned by
differential expression of and differential responsiveness to sema-
phorins. Mol. Cell. Neurosci. 7, 419–431.
Serafini, T., Colamarino, S. A., Leonardo, E. D., Wang, H., Bedding-
ton, R., Skarnes, W. C., and Tessier-Lavigne, M. (1996). Netrin-1
is required for commissural axon guidance in the developing
vertebrate nervous system. Cell 87, 1001–1014.
Simon, D. K., and O’Leary, D. D. (1992). Development of topo-
graphic order in the mammalian retinocollicular projection.
J. Neurosci. 12, 1212–1232.
Simpson, I. A., and Sonne, O. (1982). A simple, rapid, and sensitive
method for measuring protein concentration in subcellular mem-
brane fractions prepared by sucrose density ultracentrifugation.
Anal. Biochem. 119, 424–427.
Skaliora, I., Singer, W., Betz, H., and Pu¨schel, A. W. (1998).
Differential patterns of semaphorin expression in the developing
rat brain. Eur. J. Neurosci. 10, 1215–1229.
Snyder, D. C., Coltman, B. W., Muneoka, K., and Ide, C. F. (1991).
Mapping the early development of projections from the entorhi-
nal cortex in the embryonic mouse using prenatal surgery
techniques. J. Neurobiol. 22, 897–906.
Sonderegger, P., and Rathjen, F. G. (1992). Regulation of axonal
growth in the vertebrate nervous system by interactions between
glycoproteins belonging to two subgroups of the immunoglobu-
lin superfamily. J. Cell Biol. 119, 1387–1394.
Steup, A., Ninnemann, O., Savaskan, N. E., Nitsch, R., Pu¨schel, A.,
and Skutella, T. (1999). Semaphorin D acts as a repulsive factor
for entorhinal and hippocampal neurons. Eur. J. Neurosci. 11,
729–734.
Super, H., and Soriano, E. (1994). The organisation of the embryonic
and early postnatal murine hippocampus. II. Development of
entorhinal, commissural, and septal connections studied with
the lipophilic tracer Dil. J. Comp. Neurol. 344, 101–120.
Taylor, V., Miescher, G. C., Pfarr, S., Honegger, P., Breitschopf, H.,
Lassmann, H., and Steck, A. J. (1994). Expression and develop-
mental regulation of Ehk-1, a neuronal Elk-like receptor tyrosine
kinase in brain. Neuroscience 63,163–178.
Tessier-Lavigne, M., and Goodman, C. S. (1996). The molecular
biology of axon guidance. Science 274, 1123–1133.
Tuttle, R., Schlaggar, B. L., Braisted, J. E., and O’Leary, D. D. (1995).
Maturation-dependent upregulation of growth-promoting mol-
ecules in developing cortical plate controls thalamic and cortical
neurite growth. J. Neurosci. 15, 3039–3052.
Walter, J., Henke Fahle, S., and Bonhoeffer, F. (1987a). Avoidance of
posterior tectal membranes by temporal retinal axons. Develop-
ment 101, 909–913.
Walter, J., Kern Veits, B., Huf, J., Stolze, B., and Bonhoeffer, F.
(1987b). Recognition of position-specific properties of tectal cell
membranes by retinal axons in vitro. Development 101, 685–
696.
s of reproduction in any form reserved.
292 Skutella et al.Wizenmann, A., Thies, E., Klostermann, S., Bonhoeffer, F., and Ba¨hr,
M. (1993). Appearance of target-specific guidance information for
regenerating axons after CNS lesions. Neuron 11, 975–983.
Wolfer, D. P., Henehan Beatty, A., Stoeckli, E. T., Sonderegger, P.,
and Lipp, H. P. (1994). Distribution of TAG-1/axonin-1 in fibre
tracts and migratory streams of the developing mouse nervous
system. J. Comp. Neurol. 345, 1–32.
Woodhams, P. L., Kawano, H., Seeley, P. J., Atkinson, D. J., Field,
P. M., and Webb, M. (1992). Monoclonal antibodies reveal
molecular differences between terminal fields in the rat dentate
gyrus. Neuroscience 6, 57–69.
Woodhams, P. L. (1993). Laminar and region-specific cell surface
markers in the entorhinal cortex and hippocampus. Hippocam-
pus 3, 183–189.
Woodhams, P. L., and Atkinson, D. J. (1996a). Regeneration of
entorhino-dentate projections in organotypic slice cultures:
Mode of axonal regrowth and effects of growth factors. Exp.
Neurol. 140, 68–78.
Woodhams, P. L., and Atkinson, D. J. (1996b). Entorhinal axons
perforate hippocampal field CA3 in organotypic slice culture.
Dev. Brain Res. 95, 144–147.Yoshihara, Y., Kawasaki, M., Tamada, A., Nagata, S., Kagamiyama,
H., and Mori, K. (1995). Overlapping and differential expression
Copyright © 1999 by Academic Press. All rightof BIG-2, BIG-1, TAG-1, and F3: Four members of an axon-
associated cell adhesion molecule subgroup of the immuno-
globulin superfamily. J. Neurobiol. 28, 51–69.
Zhang, J. H., Cerretti, D. P., Yu, T., Flanagan, J. G., and Zhou, R.
(1996). Detection of ligands in regions anatomically connected to
neurons expressing the Eph receptor Bsk: Potential roles in
neuron–target interaction. J. Neurosci. 16, 7182–7192.
Zhou, C. F., Li, Y., and Raisman, G. (1989). Embryonic entorhinal
transplants project selectively to the deafferented entorhinal
zone of adult mouse hippocampi, as demonstrated by the use of
Thy-1 allelic immunohistochemistry. Effect of timing of trans-
plantation in relation to deafferentation. Neuroscience 32, 349–
362.
Zhou, F. C. (1990). Four patterns of laminin-immunoreactive
structure in developing rat brain. Dev. Brain Res. 55, 191–
201.
Zhou, R. (1998). The Eph family receptors and ligands. Pharmacol.
Ther. 77, 151–181.
Received for publication September 30, 1998
Revised April 1, 1999
Accepted April 2, 1999
s of reproduction in any form reserved.
